The use of aqueous foams as a carrier fluid for pulp fibers instead of water has re-emerged in the paper and board industry in recent years. In foam forming, a surfactant is needed to reduce the surface tension of the carrier liquid and to create foam as a process fluid and flowing medium. This presents the following questions: (1) How do the water forming and foam forming processes differ? (2) How do the obtained wet/dry fibre sheets differ after forming and after wet pressing? (3) Which differences in the process behavior and sheet properties are due to the surfactant, and which are due to the presence of air bubbles in the flowing medium? The answers to these questions were sought by using an experimental academic approach and by applying a special dynamic
vacuum assisted sheet former. Although foams are much more viscous than water, dewatering times were found to be approximately equal in water and foam forming at higher vacuum levels. The hydrodynamic resistance of sheet was approximately constant during water forming, while in foam forming resistance was initially even smaller than in water forming but it increased with time, being substantially higher at the end of the forming process. In certain cases, surfactant alone was found to have a similar, albeit often lower, effect on the sheet properties of foam. Surfactant improved sheet dryness (both after forming and wet pressing), lowered density, and lowered strength properties also in water forming. Foam, on the other hand, had a crucial effect particularly on certain structural properties such as formation and porosity. The difference between water and foam-laid sheets typically reduced in line with higher wet pressing pressure. This suggests that the role of surface tension and foam bubbles in controlling interfiber contact is overridden by wet pressing pressure. Thus applying foam as a carrier fluid has characteristic effects both on the papermaking process and the end product properties. The main features of foam forming can be explained by the chemical effects caused by the surfactant, and the structural effects caused by the foam bubbles.
Introduction
Aqueous foam is an excellent medium for transporting materials in a dispersed state. Foam is used for this purpose for example in the non-woven industry for carrying long fibers (Hanson 1977) , for displacing and transporting oil in enhanced oil recovery (Farajzadeh et al. 2012) , and transporting chemicals in remediation of soils (Geraud et al. 2015) . Moreover, air bubbles are widely used for separation of mixtures through flotation (Lemlich 1972) .
Due to jamming of the air bubbles, foams have a yield stress when the air content exceeds ca. 65% (Saint-Jaimes and Durian 1999) . Foams are also much more viscous than water. Figure 1a shows a typical viscosity-air content curve at constant temperature and shear rate. Viscosity increases initially slowly with increasing air content, but above 55% air content the increase in viscosity is very rapid. The existence of yield stress and relatively high viscosity are key properties of aqueous foams in material transport.
Foams are generally pseudoplastic power law fluids by nature. Figure 1b shows as an example the shear rate dependence of a foam with an air content of 70%. At low shear rates foams thus have high viscosity, but at high shear rates viscosity is considerably lower due to strong shear-thinning, leading to, for example, improved pumping properties.
The use of aqueous foams as a carrier fluid for pulp fibers instead of water was demonstrated in the paper industry in the 1970s. The forming process, known as the Radfoam process (Radvan and Gatward 1972; Punton 1975) , was found to improve some product properties, particularly formation, but also bulk, in non-woven and paper applications (Kidner 1974; Smith and Punton 1975; Smith et al. 1974; Punton 1975; Riddell and Jenkins 1976) . In foam forming, the foam significantly decreases the mobility of fibers due to its high viscosity, which can considerably exceed that of water. On the other hand, fibers inside the foam are locked between the bubbles, which attach to the fiber walls, thus reducing fiber entanglement (Punton 1975, see also Fig. 2) . As a result, the reflocculation tendency of fibers is low, and foam forming gives excellent formation also with long wood pulp fibers (Hanson 1977; Lehmonen et al. 2013) . Foam forming typically works best at an air content of approximately 60-70% (Punton 1975) , but it has recently been shown to also work well at as low as 30-40% air content (Torvinen et al. 2015; Koponen et al. 2018) .
Foam forming offers possibilities for cost saving and environmental impact reduction through better energy and water efficiency (Smith and Punton 1975; Lehmonen et al. 2013 ) and higher dryness levels after the forming section (Smith et al. 1974; Wiggins 1973; Torvinen et al. 2015) . Perhaps even more importantly, foam forming enables widening of the product portfolio with highly porous structures Jahangiri et al. 2014; Alimadadi and Uesaka 2016; Pöhler et al. 2016; Li et al. 2017; Burke et al. 2019 ) and non-woven sheets composed of long fibers (Koponen et al. 2016a, b) .
There is a shortage of academic studies that would help understanding the form forming. The works on rheology of foams has concentrated on dry foams with relatively high air content, usually higher than 85%. The air content in foam forming is much lower; it varies in the literature between 30 and 80%, being typically 50-70%. Moreover, the rheology of particleladen foams has been studied mainly in the presence of small particles (Thondavadl and Lemllich 1985;  Cohen-Addad and Höhler 2014), and there are few studies where the size of particles has been similar or bigger than the bubble size. The rheology of fiberladen foams has been studied only in Jäsberg et al. (2015 Jäsberg et al. ( , 2017 . While there are several studies on foam flow through various porous materials, few academic studies exist on the flow of foam through fibrous porous materials (Hirt et al. 1990 ). The situation is better with applied studies, and many practical aspects of foam forming have been studied especially during the last decade, also in pilot environments. The parameter space of these studies is usually rather limited for making general conclusions on foam forming. A recent review of applied studies is provided in the doctoral thesis of Kinnunen- Raudaskoski (2017) .
The aim of this work is to better understand foam forming by using an experimental academic approach and by applying a special dynamic vacuum assisted sheet former. We try to give a light to some fundamental questions related to foam forming. The three questions we would like to answer are: (1) How do the water forming and foam forming processes (Punton 1975a) . b Viscosity as a function of shear rate for an SDS foam (Jäsberg et al. 2015 (Jäsberg et al. , 2017 . Air content 70%, temperature 25°C. The solid line shows the fit of power law l ¼ Kc n to the measurement points. The foam is strongly shear-thinning, with a viscosity clearly above that of water at 1.0 mPa s
Fig. 2
A wood fiber in foam. The geometric restrictions caused by the bubbles affect the location, shape and orientation of the fiber differ? (2) How do the obtained wet/dry fibre sheets differ after forming and after wet pressing? (3) Which differences in the process behavior and sheet properties are due to the surfactant, and which are due to the presence of air bubbles in the flowing medium? These questions will be answered in this paper in great detail using realistic vacuum and wet pressing levels. Here the main experimental variables are surfactant dosage, forming vacuum level, and wet pressing level.
Materials and methods

Pulp and chemicals
Industrial grade gently refined and bleached chemical softwood pulp was used in the experiments. The fiber properties were characterized using a fiber analyzer (FibreMaster), and drainability was measured using the Schopper-Riegler method according to ISO standard 5267-1:1998. The length-weighted fiber length and width were 2.2 mm and 29 lm, respectively, fiber coarseness was 142 lg/m, and drainability was 18°SR. Sodium dodecyl sulfate (SDS), an anionic and soluble surfactant with a molecular weight of 289.4 g/mol, was used as the surface-active agent. The fairly low molecular weight of SDS leads to good foamability in foam generation (Lappalainen and Lehmonen 2012) .
The surface tension and turbidity of an SDS solution made from tap water are shown as a function of SDS dosage in Fig. 3 . The hardness of the tap water, measured using a Hach Lange DR3900 spectrophotometer according to the Calmagite Colorimetric Method, was 3.7-4.2°dH. Turbidity of the solution was measured with a Hach 2100AN IS Turbidimeter according to ISO standard 7027. Surface tension was measured with a KRÜ SS Digital Tensiometer K9. The dosage levels of SDS were selected based on the critical micelle concentration of SDS and the surface tension and turbidity of an SDS solution were characterized before and after the critical micelle concentration. The critical micelle concentration for SDS is 2.38 g/l in ion-exchanged water at 25°C and at atmospheric pressure. Due to the presence of ions, the critical micelle concentration is here considerably lower. Importantly, the turbidity indicates the level of precipitation of ions and SDS molecules in the solution. These precipitated aggregates may act as defoamers and decrease the foamability of SDS solutions (Denkov 2004; Denkov and Marinova 2006) . It is also notable that the effect of SDS on viscosity is rather small. At an SDS dosage of 4 g/l, the viscosity of the SDS solution is less than 4% higher than for pure water (Kushner et al. 1952 ).
Dynamic vacuum-assisted sheet former
The water-laid and foam-laid papers were formed using a dynamic vacuum-assisted sheet former (Lappalainen and Lehmonen 2012; Lehmonen et al. 2017 ). This forming device (see Fig. 4 ) differs from conventional sheet formers in having faster water removal and larger sheet size (210 mm 9 300 mm). Water removal is performed with a vacuum that can be varied between 10 and 70 kPa. Vacuum levels are thus comparable with those used in real paper machine former sections. During sheet forming, in addition to the time evolution of vacuum, P(t), the time evolution of the position of the pulp surface, h(t),was measured with an ultra-sonic detector. SDS was used as the foaming agent for foam-laid structures, and for lowering the surface tension of the flowing medium, water, for water-laid structures. The average foam density was 300-350 kg/m 3 and the air content was thus 65-70%. The foaming phase and forming device are described in detail in the articles (Lappalainen and Lehmonen 2012; Lehmonen et al. 2017) . Foaming was started with a 5 l batch of fiber-SDS-water solution. After foaming, the volume of foam was ca. 15 l-the same as the volume of a fiber suspension batch before water forming. The forming consistency was 0.14% by weight and 0.45 g/l by volume for foam-laid structures. Correspondingly, the forming consistency was 0.043% by weight and 0.44 g/l by volume for water-laid structures. The target basis weight was 85 g/m 2 .
The foams were generated by mixing the fiber-SDS-water solutions for 5 min with a mechanical mixer with a mixing speed of 2200 rpm. The SDS dosage varied between 0 and 5 g/l. This foaming time was long enough to yield a stable foam with a homogeneous bubble size distribution having an average bubble diameter of 60 lm (Lappalainen and Lehmonen 2012) . After the foaming phase, the foamlaid suspension was poured into the acrylic mold and dewatered. Correspondingly, a 5 l batch of water-laid suspension was poured into the acrylic mold and filled with the rest of the process water until the final volume was reached. Before the forming phase, the underside of the mold, having a volume of 10 l, was filled with process water. The same procedure was carried out for both forming methods.
In forming with moderate and high vacuum levels, the time evolution of hydrodynamic resistance R of a filtered sheet is given by the formula )
where b is the basis weight of the sheet (expressed in SI units), and P and v are the vacuum level and the filtration speed in the filtration process. The flow resistance combines both the effect of the resistance due to the porous structure and the effect of fluid viscosity on the hydrodynamic friction during the filtration process. For simplicity, the small resistive effect of the supporting porous plate and wire have been omitted in Eq. (1), as their contribution to the overall resistance is small with the used forming device. The fluid velocity v(t) in Eq.
(1) can be calculated from the time derivative of the measured suspension surface level h(t). As the sedimentation speed of fibers can be neglected, the instantaneous basis weight of the fiber sheet b(t) is obtained from the equation
where c is the consistency of the suspension (expressed in kg/m 3 ). It was shown in Koponen et al. b Photographs of the pulp chamber. In water forming the chamber is filled with a water suspension; in foam forming the chamber is filled with a foamed suspension. c Examples of measured vacuum and surface level profiles during water forming (2016a, b) that in water forming, due to elastic and plastic compression, the hydrodynamic resistance follows the formula
where a, b and c (zero-pressure resistance) are material parameters, P is the vacuum level, IðtÞ ¼ R t 0 Pdt is the impulse due to vacuum, and WðtÞ ¼ c b
R t 0 Ivdt 0 is a correction term which takes into account the different impulse histories of the fiber layers of the filtered sheet. As the used furnish is rather stiff, and the filtration time is short, resistance is dominated here by the elasticity term bP.
Below, Eq.
(1) is used to calculate the time evolution of the sheet resistance for both water forming and foam forming. Then, parameters a, b and c in Eq. (3) are solved for water forming with regression analysis. The sheet resistance during foam forming is compared with water forming by using Eq. (3) for water, and substituting the measured foam forming vacuum profile to it.
The set point levels for the vacuum accumulator were 30, 50 and 70 kPa. In practice, the realized vacuum levels varied somewhat. The vacuum levels were on average 15% lower for foam than for water, probably due to higher pressure losses in the device and expansion of air below the wire.
Pressing and drying of sheets Some formed samples were left unpressed, while others were wet pressed at levels of 50 and 350 kPa according to ISO standard 5269:1. Unpressed sheets were dried with a cylinder drying device (Kodak rotary drum dryer) and the wet pressed sheets were dried on the plates. All paper samples were stored and analyzed in a standard air conditioned room at RH 50% and 23°C.
Characterization of papers
The basis weight of the paper samples was measured according to ISO standard 536:1995 and thickness according to ISO standard 534:1998. Density was determined based on the measured basis weight and sheet thickness. The tensile strength properties of the paper samples were measured with a Lloyd tensile tester in accordance with ISO standard 5270:1998. The specific b-formation (Komppa and Komppa 1996) of the paper samples was measured by exposing a storage phosphor screen to b-radiation of Carbon-14 through the samples. The screen was scanned with a Fuji BAS-1800 II SPS reader. Then, the obtained radiation absorption map was converted into a basis weight map. The size of the scanned area was 100 mm 9 100 mm and the original scanning resolution was 100 lm. Finally, the resolution was transformed to Ambertech resolution (1 mm) and the specific b-formation values were calculated (i.e. the standard deviation of b-formation values were divided by the square root of the basis weight). Ambertech resolution (1 mm) is widely used in the industry instead of the original scanning resolution 100 lm; for this reason the resolution was transformed to Ambertech resolution.
The scattering coefficient of paper sheets is generally proportional to the specific surface area of the paper, and is thus inversely proportional to the total area of fiber bonds (Haselton 1954 (Haselton , 1955 Rennel 1969) . Increasing the fiber web density, for example, decreases the specific surface area, leading to decreasing scattering coefficient. The scattering coefficient of sheets was measured with a Minolta Spectrophotometer CM-3610d.
SEM imaging
SEM imaging was carried out with a Merlin FE-SEM (Carl Zeiss NTS GmbH, Germany) with gold sputter coating at 20 mA for 30 s (Kouko et al. 2018) . The sample was attached to an aluminum specimen stub with double-sided carbon adhesive tape, and the SEM imaging was performed using 3.0 keV electron energy and using a secondary electron detector. The image size was 2.3 mm 9 1.7 mm (2048 9 1536 pixels) and the pixel size was 1.1 lm.
Results and discussion
Forming of water-laid and foam-laid structures
The dewatering time in water and foam forming is presented in Fig. 5 as a function of the measured vacuum level. Dewatering starts when the pressure valve is opened and dewatering ends when the height of the water/foam column becomes zero. In water forming, the dewatering time was almost constant at all vacuum levels. This was expected, as hydrodynamic resistance (see Eq. 3) is dominated here by the vacuum. In foam forming, dewatering time decreased with increasing vacuum. At the lowest vacuum level dewatering time was on average 50% higher in foam forming than in water forming, but with higher vacuum levels dewatering times of water and foam forming were roughly equal. This result is surprising as the viscosity of foam is significantly higher than the viscosity of water. We will elaborate on this interesting behavior of foam forming in detail below by studying the time development of the hydrodynamic resistance of the filtered sheet during water and foam forming. Figure 6a , b show examples of a measured vacuum profile and a measured column height in water forming. Figure 6c, d show the corresponding drainage speed and hydrodynamic resistance of the sheet as a function of time. In Fig. 6d the prediction of the viscoelastic model Eq. (3) is also shown. Here the model parameters b = 0.054, a = 0.038, and c = 1280 (r 2 = 0.94, LAR robust fit in Matlab) were obtained by fitting the model simultaneously to all 39 water forming cases. Notice that hydrodynamic resistance is a bulk property of the filtered sheet. Thus, even though the hydrodynamic resistance remains almost constant after the vacuum level has saturated, the drainage speed gradually decreases due to the thickening of the filtered sheet. Figure 7a -d show the measured vacuum levels and the corresponding time evolution of the basis weight [calculated from Eq. (2)] for three water forming and foam forming cases. We see that 50% of the basis weight is filtered during the first 0.3 s, after which the basis weight curves start to separate. The drainage rates for the three foam forming cases are shown in Fig. 8 . The rather high variation in measured velocity is probably due to the difficulty in detecting the foam surface with the ultrasound detector. In Fig. 8 the red lines show a fit of v ¼ a=ðt À bÞ to the measurement points. These functions are used in Fig. 9 instead of the measured drainage rate for calculating the time evolution of the hydrodynamic resistance of foam. The resistance curves for water forming, also shown in Fig. 9 , have been calculated from Eq. (3) using the measured vacuum profiles of foam forming. We see in Fig. 9 that in all three cases the resistance of foam is initially 35-50% below that of water. The resistance then increases with time. By the end of the forming process resistance is 100% higher for foam at the lowest vacuum level and almost 50% higher at the two other vacuum levels. This behavior was observed with all the 34 foam forming trial points. The observed relatively low resistance of the foam-formed sheets is at first glance very surprising as the viscosity of foam is 1-2 orders of magnitude higher than for water. We will discuss next several factors that may together explain this behavior.
The average pore size of foam formed fiber sheets was studied in Koponen et al. (2017) with X-ray tomography. It was found that with porosity of 0.8-0.9 the average pore size was 30-60 lm. The average size of pores is thus smaller or of the same size as the typical diameter of bubbles, 60 lm. The compression level of the fiber sheet is not known but if we assume that the sheet porosity during filtering is e.g. 0.8 we can make a rough estimate of the average shear rate 
where v is the velocity of the surface of the foam column, d is the capillary diameter and / is the sheet porosity. Table 1 shows with various surface velocities the estimated average share rate in the filtered sheet and the subsequent foam viscosity l ¼ 0:98 Â c À0:6 taken from Fig. 1b . We see that with highest surface velocities the foam viscosities are indeed close to that of water due to strong shear thinning of the foam (Fig. 10) .
The hydrodynamic resistance of a medium depends generally on two factors: the structure of the medium, and the viscosity of the fluid moving through it. It can be written in the form (Koponen et al. 2016a 
where l is viscosity, k is sheet permeability, and q is the density of the fibers in the filtered sheet. Foamformed sheets are often more bulky than corresponding water-formed sheets. It is possible that the bubbles support the fibrous structure, making it less dense also during forming. On the other hand, with similar density, the permeability of foam-formed sheets can be higher than water-formed sheets due to different pore structures. In Koponen et al. (2017) , for example, foam-formed fiber sheets had 30-60% higher permeability in the porosity region of 0.8-0.9. Figure 10 shows a schematic of two possible cases of the flow of Fig. 8 Drainage rate for the foam forming cases shown in Fig. 7c, d . The red lines show a fit of v ¼ a=ðt À bÞ to the measurement points following the velocity peak. SDS dosage 1.0 g/l foam in a porous material. If the pores are clearly bigger than the typical bubble size, the foam behaves as a continuum fluid with a well-defined viscosity. On the other hand, if the bubbles are bigger than the pores the flow consists of the movement of individual bubbles and bubble deformations. Lemmen and Wassink (1990) studied the flow of foam (air content 83%) through metal screens. They found that the measured pressure loss was too low by a factor two when compared with theoretical values calculated using the measured rheological behavior of foam. They concluded that foam flow must be described in terms of the combination effects of foam viscosity and bubble distortion. Hirasaki and Lawson (1985) found a decrease by almost a factor of 104 occurring in the apparent viscosity of foam (air content 83%) in capillary tubes as the ratio of bubble radius to tube radius, , increased from 0.1 to 10. When was 10 they reported apparent foam viscosities as much as 60% below that of water. As discussed above, Koponen et al. (2017) found with X-ray tomography that at a porosity of 0.8, for example, the average pore diameter of a fiber sheet was 30 lm, which is clearly smaller than the typical diameter of bubbles. The porosity of the filtered sheet is here unknown during forming, but it seems probable that the constricted pore type flow of foam contributes to the observed low resistance of foam. We can conclude that the observed low values of resistance of foam during forming (even below that of water) are probably caused by many effects such as structural differences in the filtered sheets, strong shear thinning of foams, and the low apparent viscosity of foam when the bubble size is bigger than the pore size of the filtered sheet. Still another possible explanation is the phase separation of air and water during flow; the viscosity of air and water are significantly below that of foam. The substantial increase in resistance with time, which is not seen in water forming, is likely related to shear thinning type behavior of the apparent viscosity of foam.
Dryness of wet sheets after forming and pressing
At the end of the forming, when the last remaining free water/foam goes through the upper surface of the filtered sheet, the amount of water inside the sheet depends on the structure and thickness of the sheet. This part of the process is called compression dewatering, which is dictated by the pressure difference over the sheet. The second phase of the consolidation process is called displacement dewatering, where the free water is replaced by air. In this phase, capillary forces have an important effect as they impede dewatering (Aslund and Vomhoff 2008) .
The dryness of the water-formed and foam-formed sheets is shown in Fig. 11 as a function of SDS dosage. Dryness is seen to increase significantly as SDS dosage increases. Foam forming gives consistently higher dryness, and the difference increases with increasing SDS dosage. Without SDS, dryness in water forming is 35% lower than with a SDS dosage of 0.2 g/l. This is clearly due to the SDS decreasing the surface tension of the water. The effect of SDS on dryness at dosages of 1.0 to 2.0 g/l, however, is probably due to decreasing dynamic surface tension. This is indicated by the fact that increasing the SDS dosage from 1.0 to 2.0 g/l increased the dryness, although the static surface tension is the same in both cases (see Fig. 2 ). Figure 12 shows the dryness after the forming phase at different vacuum levels for water and foam forming. Water forming was performed both with and without SDS. In both cases dryness increases with increasing vacuum level and the effect is slightly stronger in foam forming. Figure 13 shows the dryness after forming as a function of dry sheet density, and SDS dosage for unpressed sheets. We can see that higher dryness and lower density are obtained after water and foam forming for the final dry sheet with increasing SDS dosage.
As seen from Figs. 11, 12 and 13, foam forming gave consistently higher dryness than water forming also when SDS was used in water forming.
Additionally, foam forming was found to give lower density (higher bulk) for unpressed sheets. Higher dryness after the forming section has also been seen with foam forming at the pilot scale (Koponen et al. 2016a (Koponen et al. , b, 2018 .
The superior dryness of foam forming after forming phase may be attributed to several possible factors. Firstly, when air starts to flow through the sheet at the end of forming, there is less water to remove from the sheet in foam forming. Secondly, air bubbles are known to remove water better from the sheet than pure air flow (Skelton 1987) . This may be related to foam sealing the sheet (improving compression dewatering) and eliminating channeling of air flow through the sheet (improving displacement dewatering). Displacement dewatering may also be improved in foam forming due to bubble surfaces wiping the droplets away from fiber surfaces. Sheet permeability may also be higher in foam forming due to a higher number of large pores (Hjelt et al. 2011; Koponen et al. 2017) and Fig. 13 Dryness after forming as a function of density and SDS dosage for unpressed dry sheets. The setpoint vacuum is 30 kPa Fig. 14 Average dryness levels after wet pressing for waterlaid and foam-laid sheets as a function of SDS dosage. The sheets were formed with a 30 kPa set point vacuum and the wet pressing pressure was 350 kPa Fig. 15 Bendtsen air permeability of water-formed and foamformed sheets at different SDS dosages. Wet pressing pressure is 350 kPa lower density. This would lead to higher flow rate of air, which improves displacement dewatering. Figure 14 shows the dryness of water-formed and foam-formed sheets after wet pressing as a function of SDS dosage. Dryness is similar for both water-formed and foam-formed sheets up to 2.0 g/l SDS dosage, despite foam having higher dryness after the forming phase (see Figs. 11, 12) . With higher SDS dosage dryness of water-formed sheets decreases slightly (this might be related to the critical micelle concentration), whereas the dryness of foam-formed sheets keeps increasing. The dryness of water-formed sheets seems to depend on the surface tension of the water (see Fig. 3 )-there is an excellent inverse correlation between them. In addition to surface tension, the observed improved dryness behavior of foam with increasing SDS dosage may be related to higher permeability of the sheet due to lower density before pressing (see Fig. 13 ) and a more open pore structure due to a higher number of large pores (Hjelt et al. 2011; Koponen et al. 2017) . The air permeability of the final dry sheets, shown in Fig. 15 , correlates rather well with the dryness results shown in Fig. 14. Notably, foam forming has been found to improve dryness after wet pressing also at the pilot scale (Torvinen et al. 2015) .
Properties of dry sheets
Structural properties
The evenness of material distribution in the in-plane direction was measured using the b-formation method. Figure 16 shows the b-formation of foam-and waterformed sheets as a function of SDS dosage. Foam forming achieved much better formation (i.e. lower bformation value) even though the consistency in water forming was very low and lower than in foam forming. This suggests that the presence of the bubbles in the foam keeps the fibers separated in the suspension and prevents flocculation of the fibers during the drainage phase. The amount of surfactant seems to also have some effect on formation. The number of trial points is too low for any definitive conclusions, but formation seems to be clearly improved at the highest SDS dosage in the case of foam forming. The reason for this behavior could be that at the highest SDS dosage the bubbles are strong and stable and thus effectively reduce the agglomeration of fibers, thereby improving Fig. 16 Specific bformation as a function of SDS dosage. The set point vacuum is 30 kPa and wet pressing pressure is 0 kPa Fig. 17 Roughness as a function of SDS dosage. Wet pressing pressure is 350 kPa formation. Sheet roughness (Fig. 17) was also found to be affected by SDS dosage. The foam-formed sheets tended to have slightly lower Bendtsen roughness at all SDS dosages, but the difference was rather small (see Fig. 17 ). This might be due to the better formation and thus due to smoother surfaces of the foam-formed papers.
The formed papers were wet pressed at 0, 50 and 350 kPa. As expected, wet pressing increased the density of the sheets considerably (see Fig. 18 ). Density decreased with increasing SDS dosage in both water and foam forming. With equal SDS dosage, foam forming typically gave slightly lower density. The density of the foam-formed sheets decreased linearly with increasing SDS dosage with the wet pressing pressures of 0 and 50 kPa. This behavior may be due to variation in foam strength. With the wet pressing pressure of 350 kPa the curves for water and foam formed sheers were similar. The ability of foam to deform and compress and spring back and expand without bubbles breaking may therefore improve with increasing SDS dosage. In water forming, the density decreased linearly up to an SDS dosage of 1.0 g/l, upon which it more or less reached saturation. This behavior seems to correlate well with the surface tension of the solution (see Fig. 3 ). Indeed, Lyne and Gallay (1954) have shown that higher water surface tension draws the fiber surfaces closer to each other, leading to better inter-fiber bonding and thus stronger structures.
The results of Lindqvist et al. (2009) with waterlaid sheets and non-ionic surfactant have shown that surfactant concentrations, especially higher than the micelle concentration, also reduce wet adhesion between fibers and initial wet strength. This may increase detachment and debonding due to springback in the end of wet pressing. Here the surfactant is anionic and density decreases already at concentrations well below the critical micelle concentration. It is possible that SDS molecules attach to chemical components on the fiber surface, weakening adhesion between fibers at all SDS dosages.
The effect of SDS dosage on air permeability is shown in Fig. 15 . Foam forming seemed to generally give significantly higher permeabilities. This is probably due to foam forming giving lower sheet density (air permeability seems to correlate rather well with sheet density, see Fig. 18 ) and having a more open pore structure. In earlier research, tomographic images of foam-formed sheets explained the higher permeability also when sheet densities were similar . This was found to be due to differences in pore structure-foam-formed sheets were found to have a greater number of large pores, the size of which was of the order of the foam bubbles. Similar conclusions were also drawn by Hjelt et al. (2011) .
The paper structure at the fiber scale was analyzed by SEM imaging (Figs. 19, 20, 21) . Although no large differences in paper structure were observed, the foam-formed sheets appeared to have a slightly more open structure and the presence of pores could also be seen. In addition, some indicative differences in the number of surface fibrils and fibrillar bridges between adjacent fibers were observed. Based on the SEM images, fibrils seemed to be more collapsed onto the fiber surfaces in the foam-laid papers than in waterlaid papers, where also more fibrillar interfiber bridges could be seen. These fibrillar bridges may contribute not only to interfiber bonding, but also to the light scattering properties of the paper. Generally, the absence of fibrillar interfiber bridges in foam-formed papers may be an indication of the effect of air bubbles separating fibers and also preventing the formation of interfiber fibrillar bridges. The difference between water-and foam-formed papers was more evident at the highest SDS dosage level. This behavior could be attributable to the lower surface tension with increasing SDS dosage reducing the capillary forces that collapse the fibrils onto the ''parent fiber'' in the waterlaid network, and the more stable bubbles reducing the mobility of the fibrils in the foam-laid fiber network. Fig. 19 Water-laid structure (left) versus foam-laid structure (right) at SDS dosage 0.2 g/l. The set point vacuum is 30 kPa and wet pressing pressure is 350 kPa Fig. 20 Water-laid structure (left) versus foam-laid structure (right) at SDS dosage 1.0 g/l. The set point vacuum is 30 kPa and wet pressing pressure is 350 kPa Fig. 21 Water-laid structure (left) versus foam-laid structure (right) at SDS dosage 2.0. The set point vacuum is 30 kPa and wet pressing pressure is 350 kPa Anionic surfactant, if adsorbed to the fibril surfaces, may also increase the electrostatic repulsion forces and prevent the collapse of surface fibrils.
Interfiber contact and z-strength
Density is among the most important basic properties of paper sheets. Density is strongly related to the structure and strength of paper as it correlates well with the number of contacts between fibers. Within a certain range the density correlates linearly with the relative bonded area (RBA) (Retulainen and Ebeling 1993) . The amount of interfiber contact is reflected in the light scattering coefficient, as it is a measure of the amount of air-fiber interphases and is linearly related to the unbonded area of the sheet (Rennel 1969) . Increased interfiber bonding therefore results in a decreased light scattering coefficient.
Scattering coefficient and density generally have a linear relationship. This was the case also in the present study when the SDS dosage was varied. However, the relationship was different for different wet pressing levels (see Fig. 22 ). Additionally, at a certain density the light scattering coefficient was 3-5 units lower for the foam-formed sheets than for the water laid sheets, except at the highest wet pressing level where no clear difference could be seen. This difference may be an indication of a higher interfiber contact area in foam-formed sheets. This may be due to a structural effect caused by the foam bubbles. The foam bubbles limit the possible locations of the fibers, resulting in more open pores but also in more fiber contacts at the areas in-between the bubbles (see Fig. 23 ). An indication of this mechanism was seen also in Koponen et al. (2017) where the specific surface area of non-pressed water and foam-formed sheets was determined from tomographic images. It was found that the specific surface area of foamformed sheets was systematically 10% smaller for both bleached kraft pulp and CTMP sheets.
However, there is also another possible contributing factor to the difference in light scattering. The earlier assumed higher number of fibrillar bridges between fibers in water-laid sheets may contribute to this difference. The fibrillar bridges scatter light, but may also contribute to interfiber bonding. It is evident that in foam forming no fibrillar bridges can be formed through bubbles. At the highest wet pressing level applied here there were no differences between foamand water-formed sheets (see Fig. 22 ). This suggests that wet pressing pressure has an overriding effect on surface tension forces in bringing fibers together and determining the sheet density and interfiber contacts.
The bonding strength of paper can be measured by a z-directional strength test (see Fig. 24 ). The increased density brought about by wet pressing shows that greater interfiber contact increases z-strength. However, an increasing amount of SDS decreases the z-strength very strongly, and the presence of foam also has a decreasing effect. The slope with density is much steeper than with wet pressing, which suggests that the decrease is not only due to reduced fiber contact area, but also due to weaker bonds (and lower specific bond strength). However, with the highest wet pressing pressure the effect of SDS and the introduction of foam is much smaller than with unpressed samples, suggesting that the role of surface tension forces or bubbles is overridden by the wet pressing pressure. This may, once again, indicate that wet pressing pressure is the dominating factor in bringing fibers into contact.
Normally in water forming no SDS is used. When analyzing the cases (in Figs. 22, 24) in which water forming was used without SDS (0 g/l) and foam forming at an SDS dosage of 2 g/l, the foam-formed Fig. 24 Effect on z-directional strength of density varied by wet pressing pressure, SDS dosage and introduction of foam to the fiber suspension. The lines are guide for the eye Fig. 25 Tensile strength of water-laid and foam-laid papers, as a function of density. SDS dosage is also shown sheets had a higher light scattering coefficient and lower density and a lower number and strength of interfiber bonds.
In-plane strength properties
Tensile strength, strain at break, and elastic modulus are presented in Figs. 25, 26 and 27. They are depicted as a function of sheet density, which in turn is a measure of the amount of interfiber contacts. The drying shrinkage of the sheet was prevented and shrinkage or shrinkage stress should not have an effect on the strain at break. Figures 25, 26 and 27 very closely resemble Fig. 24 , indicating that tensile strength and strain are mainly determined by interfiber bonding. Tensile strength and strain at break depend on the strength of the interfiber bonding. The increase of the strain is better explained by the strength of the bonds. On the other hand, the elastic modulusbecause the measurement does not involve disruptive testing-is in principle not dependent on the dry strength of bonds. Therefore the density-elastic modulus relationship shows an overall linearity. With the over-all linearity we mean that the effects of reducing SDS dosage, and increasing wet pressing pressure are nearly linear and the slopes of the lines are very similar. The difference in the slopes is much smaller than in the case of tensile strength or strain at break because the strength of the bonds does not have an effect on elastic modulus. The remaining difference may be explained by different fibre segment activation due to different drying stresses. However, there is a certain deviation from the general overall linearity that can be attributed to the effect of the SDS on shrinkage stress, which has a crucial role in the load bearing capacity of the network (cf. Lobben 1976) . It can be speculated that in the wet sheet SDS reduces ''adhesion before shrinkage'' (Lindqvist et al. 2009; Page and Tydeman 1966) ; therefore, the drying shrinkage of the fibers is not transmitted so strongly to the whole network and the load bearing capacity is lower.
Compressive strength
The compressive strength test results (see Fig. 28 ) showed similar behavior to in-plane tensile strength and, especially, modulus of elasticity. Based on the current results, the compressive strength of water-and foam-formed sheets seemed to be at the same level at the highest densities and highest surfactant dosage levels.
Conclusions
The use of aqueous foams as a carrier fluid for pulp fibers was studied at the laboratory scale. The waterlaid and foam-laid papers were formed using a dynamic vacuum-assisted sheet former which simulates the dynamic dewatering phase of the forming section.
Although foams are much more viscous than water, the dewatering times were approximately equal in water and foam forming at higher vacuum levels-at the lowest vacuum level the dewatering time of foam was 50% higher. The dynamics of the forming phase was different in water and foam forming. The hydrodynamic resistance of sheets was approximately constant during water forming. In foam forming resistance was initially smaller than in water forming but it increased with time, being higher at the end of the forming process. The low resistance during foam forming is very surprising as the viscosity of foam is 1-2 orders of magnitude higher than water. The observed low values of resistance during foam forming were probably caused both by structural differences in the filtered sheet, strong shear thinning of foam, and a low apparent viscosity of foam when the bubble size is bigger than the pore size of the sheet. The significant increase in resistance with time, which is not seen in water forming, is probably related to the shear thinning type behavior attributable to the apparent viscosity of the foam.
Inclusion of SDS improved the dryness of waterformed sheets probably mainly by decreasing the surface tension, but dryness after the forming phase was always higher in foam forming. Higher dryness could be obtained in both cases without densification of the final dry sheet. The effect of foam on the structure of the fiber suspension was inherited into the final dry paper structure: formation clearly improved, which was reflected also in lower sheet roughness, and paper density decreased, which was seen in increased air permeability of the foam-formed sheets.
The z-strength of dry sheets decreased with increasing SDS dosage and with presence of foam. SDS thus seems to reduce the density and the number of interfiber contacts as well as the strength of individual contacts. The effect was smallest with the highest wet pressing pressure, probably due to the wet pressing pressure overriding the surface tension forces and the effect of bubbles.
The tensile strength and strain at break properties were determined mainly by interfiber bonding, similarly to the z-strength, being affected by both the surfactant dosage and the presence of foam.
Thus applying foam as a carrier fluid has characteristic effects both on the papermaking process and the end product properties. The main features of foam forming can be explained by the chemical effects caused by the surfactant, and the structural effects caused by the foam bubbles. However, certain effects are due to their combined effect because the foam properties and resulting sheet structure change with the surfactant dosage and applied wet pressing pressure.
